Our goal in this study was to examine the red-eared slider turtle for a photomechanical response (PMR) and define its spectral sensitivity. Pupils of enucleated eyes constricted to light by $11%, which was onethird the response measured in alert behaving turtles at $33%. Rates of constriction in enucleated eyes that were measured by time constants (1.44-3.70 min) were similar to those measured in turtles at 1.97 min. Dilation recovery rates during dark adaptation for enucleated eyes were predicted using line equations and computed times for reaching maximum sizes between 26 and 44 min. Times were comparable to the measures in turtles where maximum pupil size occurred within 40 min and possessed a time constant of 12.78 min. Hill equations were used to derive irradiance threshold values from enucleated hemisected eyes and then plot a spectral sensitivity curve. The analysis of the slopes and maximum responses revealed contribution from at least two different photopigments, one with a peak at 410 nm and another with a peak at 480 nm. Fits by template equations suggest that contractions are triggered by multiple photopigments in the iris including an opsin-based visual pigment and some other novel photopigment, or a cryptochrome with an absorbance spectrum significantly different from that used in our model. In addition to being regulated by retinal feedback via parasympathetic nervous pathways, the results support that the iris musculature is photointrinsically responsive. In the turtle, the control of its direct pupillary light response (dPLR) includes photoreceptive mechanisms occurring both in its iris and in its retina.
1. Introduction
Photointrinsic iris
Irises of several vertebrates can contract in response to light without feedback involving the retina (for review see Barr, 1989) and is defined as the photomechanical response (PMR). PMR in fish and amphibian has been studied since before the turn of the twentieth century (Armstrong & Bell, 1968; Barr & Alpern, 1963; Beer, 1894; Brown-Séquard, 1847; Glaus-Most, 1969; Guth, 1901; Kuchnow, 1971; Magnus, 1899; Seliger, 1962; Steinach, 1892; van Herk, 1928; von Campenhausen, 1963; Weal, 1956; Young, 1933; Morris, 1976; Nilsson, 1980; Rubin & Nolte, 1982; Barr, 1988; Douglas, Harper, & Case, 1998; Henning, Henning, & Himstedt, 1991) , but much less has been reported for higher vertebrates such as mammal (Bito & Turansky, 1975; Lau, So, Campbell, & Lieberman, 1992; Zucker & Nolte, 1981) and bird (Pilar, Nunez, McLennan, & Meriney, 1987; Tu, Batten, Palczewski, & Van Gelder, 2004) . Mechanisms underlying muscle contractions are thought to involve intracellular calcium and other secondary messengers amplified by G-protein cascades, which are triggered by photopigments, either by rhodopsin (Barr & Alpern, 1963; Barr, 1989; Barr & Gu, 1987; Bito & Turansky, 1975; Blaustein & Dewey, 1977; Kargacin & Detwiler, 1985; Lau et al., 1992; Rubin, Eller, & Nolte, 1986; Zucker & Nolte, 1978) , melanopsin (Krivoshik & Barr, 2000; Kumbalasiri, Rollag, Isoldi, de Lauro Castrucci, & Provencio, 2007; Provencio, Jiang, De Grip, Hayes, & Rollag, 1998) , or by the flavin-based cryptochrome (Tu et al., 2004 ).
Iris mechanism in reptiles
The iris mechanism in reptiles including alligator and turtle was described early as being similar to mammals using autonomic nervous control (Iske, 1929) . Even so, pupil motility regulated by light intensity in the turtle was argued not to exist (Walls, 1942) and instead was thought to be governed solely by accommodation, which certainly plays a role (Henze, Schaeffel, Wagner, & Ott, 2004) . In other reptiles such as snake constriction by the iris even has been 0042-6989/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2010.10.012
Aim of study
An early study observed PMRs in reptilian vertebrates including turtle, but the iris movements were considered too slow and minimal to have any significant visual function (Barr, 1989; von Studnitz, 1933; Walls, 1942) , and systematic analysis was never done. Our purpose in this study was to re-examine the iris in turtle for a photointrinisic response, compare it to the response measured in alert behaving animals, and then define its spectral sensitivity.
Methods

Animals
A total of $135 turtles (Trachemys scripta elegans), ranging between 14.5 and 24.5 cm in carapace length and weighing between 0.40 and 2.14 kg, were purchased from Kons Scientific Co., Inc. (Germantown, WI). Maintenance of turtles and all procedures conformed to standards of the Institutional Animal Care and Use Committee (IACUC) at Lafayette College. Turtles were housed in a warm animal suite and placed in two 60 gallon tanks equipped with water filters. The capacity in each tank never exceeded 12 turtles. Sunning islands for animals were made of stacked bricks and were placed beneath 250 W heat lamps. Turtles were fed Rise floating fish diet (Pro-Pet, L.L.C., St. Marys, OH) daily, and the tanks cleaned once a week. Housing room was illuminated with time controlled lights that simulated natural day/night cycles at 14/10 h, light/ dark, turning on at 6:00 AM and turning off at 8:00 PM. Using a radiometer (model DR-2000-LED, Gamma Scientific, San Diego, CA), radiant intensity from lights in the room was measured at 3.86 Â 10 À2 W cm À2 sr
À1
. The temperature of the room was maintained at 22°C.
Surgery
Turtles were first dark adapted for 30 min and then cryoanesthetized at 4°C for 60 min (Fan, Scudder, & Ariel, 1997; Keifer & Houk, 1991; Maxwell, 1979) . After this period, turtles were quickly decapitated and immediately pithed. Dissection was done quickly under a dim red light source, removing the eyelids and then the eyes from orbits. For initial experiments, the enucleated eyes were kept intact, and the light responses compared to alert behaving turtles. The majority of eyes used later in the experiment, however, were hemisected slightly posterior to the limbus to test for light responses occurring in the isolated iris, in the anterior part of the eye, and separated from the retina. Most of the experiments were completed within a few hours after dissection and during the day time of the housing room light cycle.
Apparatus
Both enucleated eyes, which were kept intact, and those which were hemisected were held within a small well and perfused with physiological turtle media (in mM: 96.5 NaCl, 2.6 KCl, 2.0 MgCl 2 , 31.5 NaHCO 3 , 20.0 D-glucose, and 4.0 CaCl 2 ). Media was adjusted to pH = 7.68, bubbled with 95/5% O 2 /CO 2 , and maintained at room temperature of 28°C. Heat exchange from light sources to eyes was eliminated by shielding with fiber optic cables and infrared filters, and by continuous media perfusion, which was recycled to the eyes using a peristaltic pump (cf. Bito & Turansky, 1975) .
Pupil measurements
Infrared sensitive cameras fitted with infrared light emitters were focused onto pupils to measure changes in the response to different light conditions. In experiments completed early in the study, images of the responses from enucleated eyes, which were kept intact, were captured from cameras and recorded onto video tape. To determine size, a ruler was placed in the same focal plane of the pupil. Horizontal pupil diameters were measured from still images, which were replayed onto a television monitor, using digital calipers with ±0.08 mm precision. Images from eyes of alert behaving turtles also were measured in this way.
For experiments done later with hemisected eyes, cameras were connected to a computer, utilizing the ViewPoint EyeTracker Ò software (Arrington Research, Inc., Scottsdale, AZ). Pupil measure was collected automatically with a precision of ±0.03 mm. The eye tracker detected the dark image of the pupil and used an ellipsoid algorithm to store the horizontal width (h) and vertical height (v). Data were imported from the file into Microsoft Ò Excel (Microsoft Corporation, Redmond, WA) to plot changes in horizontal pupil diameter or changes in pupil area. Pupil area was used to better measure range of movements for determining spectral sensitivity and was calculated using the formula for an ellipse, ph Á v/4 (cf. Granda et al., 1995) .
Light stimulation
To compare responses of enucleated eyes to those measured from alert behaving turtles, experiments were done in a light integrating sphere of 40 cm (Dearworth & Cooper, 2008; Dearworth et al., 2007 Dearworth et al., , 2009 Granda et al., 1995) . Light source from a 150 W tungsten lamp was transmitted into the sphere by a fiber optic cable and mounted behind the line of sight of the turtles. Intensity was measured by radiometer and converted to the irradiance at the level of the iris, 1.38 Â 10 À3 J cm À2 s À1 , using the schematic of the eye for the red-eared slider turtle (Dvorak, Granda, & Maxwell, 1980; Northmore & Granda, 1991) . Turtles were secured in a restraint that immobilized head movements, and then their heads were inserted into the sphere. When enucleated eyes were tested, they were positioned at the same location as where the head had been positioned. Infrared light emitting diodes, with emission peak of 915 nm, were mounted on each side for camera recordings.
Hemisected eyes were stimulated by diffuse light of broad-band spectra projected from a distance of 13 cm but without using a light integrating sphere. Light source was transmitted through a fiber optic cable. Irradiance of light was 5.70 Â 10 À4 J cm À2 s
À1
. With a red long-pass filter having cut-on wavelength at 610 nm (filter No. 59512), irradiance was 3.58 Â 10 À4 J cm À2 s
. For a second set of experiments, narrow-band filters with full width at half maximum (FWHM) of 10 nm (Edmund Industrial Optic, Barrington, NJ) were used to determine spectral sensitivity. Filters having the following nominal wavelengths were tested: 410, 430, 480, 520, 580, and 640 nm. At each wavelength, neutral density filters (Newport Stratford Inc., Stratford, CT) were used to attenuate intensities. Irradiance was converted to log quanta using nominal wavelength of each filter. To test higher intensities of light, a 300 W quartz halogen lamp also was used and filtered for infrared emissions. A fan was used to blow heat away from the preparation to maintain the temperature at 28°C.
Data analysis
Means with standard errors (SE) were normalized to maximum pupil sizes and plotted as a function of time. Analysis of variance (ANOVA) and t-tests were used to test the statistical significance of changes, which were established at levels of P < 0.05. For each trial, pupilloconstrictions to narrow-band filters were determined by subtracting the percent maxima measured during the last 5 min of light adaptation from those measured during the last 5 min of dark adaptation. Means for each wavelength were plotted as a function of irradiance and analyzed using SigmaPlot (SPSS Inc., Chicago, IL).
, was used to determine relative sensitivity, where I is irradiance, a is maximal pupilloconstriction, b is a constant, and c is the irradiance at which half-maximal pupilloconstriction is produced (Gamlin et al., 2007; Peirson, Thompson, Hankins, & Foster, 2005) . Sensitivity curves were generated by plotting log reciprocal of c versus nominal wavelengths for each filter. Values were normalized to maximum response and compared to nomograms of photopigments. Data were also best fit by least sum square method to vitamin A 1 and A 2 templates using polynomial equations, which approximate cone photopigment spectral sensitivity fundamentals (Baylor, Nunn, & Schnapf, 1987; DeMarco, Pokorny, & Smith, 1992; Govardovskii, Fyhrquist, Reuter, Kuzmin, & Donner, 2000) . Goodness-of-fits were compared by the profile-fitting error (PFE), equal to ratio between sum of squared residuals and sum of squared observed responses (Dearworth & Granda, 2002; Sun & Bonds, 1994) .
The rates for pupilloconstriction in response to light stimulations and the dilations for intact turtles were determined by a rise to maximum time constant equation, y ¼ y 0 þ að1 À e Àt=s Þ; where y is pupil size, y 0 is offset pupil size, a is maximum pupillary change, t is time, and s is time constant (Clarke, 2007; Dearworth & Cooper, 2008; Dearworth et al., 2007 Dearworth et al., , 2009 Dearworth et al., , 2010 Granda et al., 1995) . Pupillary dilations in enucleated and hemisected eyes were fit with a line equation, y ¼ mt þ b; where m is slope and b is the yintercept.
Results
Responses in enucleated eye versus intact turtle
Pupil changes were greater in eyes of alert behaving turtles ( Fig. 1 , white triangles) than compared to enucleated eyes ( Fig. 1 , black diamonds); baseline in turtles was also larger than in enucleated eyes (Fig. 1 , top plot). Turtles had pupils which dilated from 2.21 ± 0.19 (SE) mm at 10 min in light to 3.25 ± 0.27 mm at 50 min in dark (paired t-test, P < 0.0003). Pupils of enucleated eyes also dilated but the change was less going from 1.74 ± 0.07 to 1.95 ± 0.07 mm (P < 0.005). Fig. 1 (bottom) shows normalized responses. Pupils for both turtles and enucleated eyes dilated during dark adaptation and constricted during return to light adaptation (ANOVA, P < 0.01). For turtles, the maximum value during dark adaptation was significantly different than the minimum values during both the first and second light adaptation (paired t-tests, P < 0.0001) and showed that pupils changed by as much as 33.28%. When minimum values from first and second light adaptations were compared, they were not significantly different (P = 0.42). For enucleated eyes, change was less at 10.43%. The maximum value during dark adaptation also was significantly different than minimum values during first and second light adaptations (P < 0.005), but again minimum values from first and second light adaptations were not (P = 0.09). Table 1 summarizes the results of ANOVAs and t-tests.
For turtles, time constant equations (Fig. 1 , bottom, gray curves) were fit to both dilation during dark adaptation (a = 29.07 ± 1.92%, s = 12.78 ± 2.41 min, r 2 = 0.98) and to constriction during second light adaptation (a = -32.89 ± 1.59%, s = 1.97 ± 0.29 min, r 2 = 0.99). Representative changes by pupil area (PA) from a hemisected eye stimulated with narrow-band filtered light at 520 nm. Pupil sizes during the last 5 min of LA (white round symbols) were used to determine mean pupilloconstrictions (cf. Fig. 7) . Pupil sizes at 10, 11, 12, 13, and 14 min were subtracted from the maximum size (black round data symbol) occurring in the last 5 min of a 40 min period of DA.
Images of eyes at bottom are frame stills captured during DA at 2 min (A) and during LA at 14 min (B). Dashed red ellipse is fitted to pupil in (A) and superimposed on (B) for direct comparison. White scale bar = 1 mm.
For enucleated eyes, a time constant equation (Fig. 1 , black curve) also was fit to constriction during the second light adaptation (a = À7.44 ± 1.18%, s = 3.70 ± 1.68 min, r 2 = 0.93), but a linear equation ( Fig. 1 , black line) fit dilation during dark adaptation better and was used instead (b = 89.20 ± 0.65%, m = 0.25 ± 0.03%/min, r 2 = 0.90). Table 2 summarizes the parameters used for the fits.
Responses of hemisected eyes to broad-band spectral lights
Pupils of hemisected eyes responded similarly to the enucleated eyes, which were kept intact (Fig. 2) . White light at 5.70 Â 10 À4 J cm À2 s À1 constricted pupils during the first and second light adaptations, and dilation occurred during dark adaptation (Table 1 , ANOVA, P < 0.0001). Change in pupil diameter was 7.44%. Linear equation was fit to dilation (b = 93.19 ± 0.24%, m = 0.11 ± 0.01%/min, r 2 = 0.78), and time constant equation was fit to constriction (a = À8.05 ± 0.33%, s = 2.84 ± 0.32 min, r 2 = 0.99). Red and blue broad-spectral lights (Fig. 3 ) also constricted pupils during light adaptations with dilations occurring during dark adaptation (Table 1 , ANOVA, P < 0.003). For responses to red light (Fig. 3 , red Â) change in pupil diameter was 9.96%; for responses to blue light, change was 8.41% (Fig. 3 , blue +). Overlap of SEs (Fig. 3 , red and blue dotted lines) indicated that the responses were not statistically different and was further supported by results from ANOVA comparing the responses to each other (P = 0.28). Statistics were consistent with those obtained using white light except for one t-test, which was computed for red light, comparing maximum value during dark adaptation to minimum value for second light adaptation (cf. Table 1 , P = 0.06). As before, linear and time constant equations (cf. Table 2 ) closely matched data. Fig. 4 shows a representative response from a hemisected eye to 520 nm light at 13.85 log quanta cm À2 s À1 , 0 OD. Pupil area decreased from its maximum in the dark at 1.62-1.23 mm 2 in the light. The mean normalized responses to 520 nm and other wavelengths (410, 430, 480, 580, and 640 nm) are shown in Fig. 5 . As light intensity was attenuated, pupil movements decreased. The lowest light intensity producing a significant pupil change was 410 nm at 12.43 log quanta cm À2 s À1 (Table 3 , 2.3 OD, ANOVA, P < 0.003). Reduction of pupil size increased with intensity and was greatest at 91.78% occurring at 13 min in response to 13.2 log quanta cm À2 s À1 (Fig. 5 , trace for 1.3 OD). The change was nearly the same at 1.0 and 0.0 OD. Significant changes in pupil size also occurred for the other wavelengths but at intensities of about one log unit or higher, the lowest intensity at 13.31 log quanta cm À2 s À1 for 480 nm (Fig. 5 , trace for 2.3 OD). Time constant equations were fit to changes by pupil occurring during light adaptation (Fig. 6) . The amplitudes (a) ranged from À6.98% to À15.34%, and time constants (s) ranged from 1.00 to 7.66 min. Table 4 summarizes parameters.
Responses of hemisected eye to narrow-band filtered lights
Irradiance thresholds
Hill equations were fit to pupilloconstrictions as a function of intensity at each wavelength to identify threshold irradiance values (Fig. 7) . The threshold irradiance (c) was lowest for 410 nm at 12.29 log quanta cm À2 s À1 and highest for 640 nm at 14.88 log quanta cm À2 s
À1
. Fits were done initially with the maximum pupilloconstriction (a = 12.48%) found at 480 nm. Slopes (b) for fits to 430 through 640 nm ranged from a low of 1.21 for 480 nm to high of 1.71 for 430 nm, matching the data well (r 2 P 0.97). When refitted using the average from their slopes, b = 1.52, the threshold values and r 2 did not significantly change. The slope for 410 nm, however, was considerably lower (b = 0.37), and the fit much poorer (r 2 = 0.58). The data for 410 nm was best fit instead using its own maximum pupilloconstriction (a = 7.81%). Table 5 summarizes the parameters.
Discussion
Range of response
Pupil of turtle remains partially responsive to light after denervation of the eye (Fig. 1) and confirms that the PMR, although slow, (von Studnitz, 1933 ) is present in the turtle. Compared to the direct pupillary light response (dPLR) in alert behaving turtles, which respond over $33% range (Dearworth et al., 2009 (Dearworth et al., , 2010 , the PMR in enucleated eyes responds one-third as much at $11% (Fig. 1, bottom plot) . Also of note is that the baseline size for enucleated eye is less compared to in vivo (Fig. 1, top plot) , as is similarly observed for other in vitro preparations including cat (Distler & Hoffmann, 1986 ) and urodeles (Henning & Himstedt, 1994) . The reason for difference is not clear but could be attributed to the lack of both sympathetic and parasympathetic drives going to the iris, leaving single control of iris movements to the PMR.
The amplitude of the PMR in turtle is similar to hooded rat, which is between 10% and 20% (Bito & Turansky, 1975) , but less compared to most other non-mammals (Pilar et al., 1987; Seliger, 1962; Tu et al., 2004) . In most mammals including human, the PMR have been assumed to be non-existent (Loewenfeld, 1993) with notable exception of hamster, which has amplitude that is nearly 70% (Bito & Turansky, 1975; Lau et al., 1992) . The amplitude for the PMR is similar to the consensual pupillary light response (cPLR), also $11% (Dearworth et al., 2010) , but because of lack of trans-illumination, the cPLR must be a separate light response generated by neural innervations. Fig. 8 shows a test to see if a simple mathematical operation, the adding of the PMR to the centrally neural mediated cPLR, could predict the dPLR (cf. Fig. 1 ). Although the 95% confidence limits do slightly overlap, the linear summing of the PMR to the cPLR (a = À19.67%) falls short of being able to account for all of the dPLR (a = À32.89%) and suggests that the photoreceptive mechanisms involved may augment each other in some non-linear fashion. Future experiments that define action spectra for both the dPLR and the cPLR and then compare them to action spectrum of the PMR could help identify interactions involved in this. Better understanding in turtle of the mechanisms coupling the light triggered photopigments to the muscle contraction involving calcium and how they interact with the traditional neural signals activating muscle contraction could also provide some insight.
Timing of response
Timing of the constriction by PMR in turtle is about two times slower (Tables 2 and 4 ) compared to other vertebrates in which constriction takes nearly 0.50 min to complete (Barr, 1989; Bito & Turansky, 1975; Douglas et al., 1998; Seliger, 1962; Tu et al., 2004) . Timing of the dilation associated with the PMR is even slower. Given slopes ranging from 0.11% to 0.25%/min (Table 2) , the time for a 11% change to occur requires between 26 and 44 min, almost one log unit slower than the timing in other animals (e.g., Bito & Turansky, 1975) . In fact, timing is most similar to that observed for the PLR of turtle for which dilation, recovering from $33% constriction, occurs with a time constant of 12.78 min and reaches maximum size within 40 min. The rate of dilation for enucleated eyes, however, clearly is different and better described using a linear function whereas for in vivo the change is exponential. The reason for difference again could be from the lack of parasympathetic and sympathetic opponent processes driving the pupil size (e.g., Lowenstein & Loewenfeld, 1950) . Constriction by enucleated eyes, however, is still exponential due to contractions, which are amplified by light triggered intracellular cascades (e.g., Barr, 1989) . . Time constant equations fitted to changes by pupil area, which were statistically significant. Optical densities for those selected are coded in the legends. 
Spectral sensitivity
Experiments using broad-band spectral lights (Figs. 2 and 3, Tables 1 and 2) show that hemisected eyes remain responsive and viable for at least up to 70 min after the first light adaptation. Experiments using narrow-band filtered lights at different intensities (Fig. 5 ) generated an action spectrum that could provide a signature for hypothesizing a candidate photopigment at the source of the PMR (Fig. 9) . Relative sensitivity was determined from the log reciprocals of thresholds ( Fig. 7 and Table 5 ) and plotted as a function of wavelength (Fig. 9A, round data symbols) . Analysis of the fits to Hill equations (Peirson et al., 2005) revealed two peaks Irradiance (log quanta cm -2 s -1 ) Fig. 7 . Pupilloconstrictions versus irradiance on logarithmic scale. Means ± SEs were determined by taking the difference of normalized pupil sizes during the final 5 min of dark adaptation and light adaptation (cf. Fig. 4 ). Trial number tested was between 3 and 13 at each intensity level, which generated a sample number (N) ranging between 15 and 65. Intensities of light that did not produce significant changes in pupil sizes were plotted as zeros. Hill equations were used to calculate thresholds producing 50% of the maximum (drop down lines). The dotted lines are the curves generated using the maximum found at 480 nm. The solid colored lines for 430 through 640 nm are refitted curves using the average of their slopes, b = 1.52; the solid line for 410 nm shows a refitted curve using its own maximum and with a slope $twice as great, b = 2.96. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) of sensitivity, one occurring at 410 nm and a second one at 480 nm that displayed univariance for wavelengths extending from 430 to 640 nm (Table 5) . Nomograms of several visual pigments associated with controlling iris contractions were compared to the action spectrum. In frog, the spectral sensitivity of the PMR (Wald, 1949; Alpern & Barr, 1963; Blaustein & Dewey, 1977) has peak sensitivity at 500 nm resembling rhodopsin (Fig. 9A, dotted line) . Fig. 9A (long-dashed line) shows the absorption spectra of human cryptochrome (hCRY1) (Hsu et al., 1996) . Because of its involvement in sustained slower pupil responses (Gamlin et al., 2007; Lucas, Douglas, & Foster, 2001; Young & Kimura, 2008) , presence within iris (Krivoshik & Barr, 2000; Provencio et al., 1998; Kumbalasiri et al., 2007) , and since maximum response of turtle PMR was at 480 nm light, melanopsin (Fig. 9A , medium dashed line) was also considered. Whereas the frog has both vitamin A 1 and A 2 photopigments (Reuter, White, & Wald, 1971) , turtle is thought to have just vitamin A 2 derived visual pigments (Liebman & Granda, 1971; Loew & Govardovskii, 2001 ). We therefore also considered porphyropsin (Fig. 9, solid line) , the vitamin A 2 derived photopigment found in rod of turtle. Comparisons of the goodness-of-fits to these nomograms showed that porphyropsin matches the data best with PFE = 43.74%, which was $1.4 times better than homologous rhodopsin (63.35%). Next best match was followed by cryptochrome (79.88%) and then melanopsin (224.65%).
Vitamin A 1 (Baylor et al., 1987; DeMarco et al., 1992) and A 2 (Govardovskii et al., 2000) templates were fit to the data from 430 to 640 nm for further investigation of photopigment identity. Both the k max and the vertical offset of the templates were allowed to vary in order to produce the best fit to the data (Fig. 9B) . Both templates fit the data well but was $two times better for the vitamin A 2 template (Fig. 9B , dotted line: vitamin A 1 , k max = 523.58 nm and offset = 0.14, PFE = 9.74%; Fig. 9B , solid line: vitamin A 2 , k max = 520.55 nm and offset = 0.0002, PFE = 5.95%). Given that the Hill equation fit to the data for 410 nm suggested the involvement of another photopigment, composite functions also were produced by combining the spectra from multiple sources and then fit to all of the data. In a manner similarly done by McDougal and Gamlin (2010) , composites were derived using linear combinations of the absorption spectrum for cryptochrome with vitamin A 1 /A 2 templates. To produce the best fit to the data, k max for the A 1 /A 2 tem- Fig. 1 , bottom) added to the cPLR is plotted and compared to the observed dPLR (gray round data symbols). The data for the cPLR was obtained empirically using the results from Dearworth et al. (2010) . A rise to maximum time constant equation y ¼ y 0 þ að1 À e Àt=s Þ was used to generate the data with s = 1.06 min, the average for the cPLR values reported in that work (Dearworth et al., 2010 , Table 3 ), and a = À13.45%, the value extrapolated from a log/linear plot of cPLR versus light intensity (Dearworth et al., 2010, Fig. 6) . The summation was then best fitted (black solid line) with a time constant equation
(a = À19.67%, s = 1.34 min, r 2 = 0.99). Fitting of the dPLR with its curve (gray solid line) is also replotted (cf. Fig. 1, bottom) . Dotted lines (black and gray) are 95% confidence limits for the data sets. plates and the offsets were allowed to vary. For the vitamin A 1 / cryptochrome composite, k max was 497.02 nm with offsets of À0.31 (vitamin A 1 ) and 0.46 (cryptochrome) (PFE = 25.96%). The fit for the vitamin A 2 /cryptochrome composite was nearly the same (PFE = 25.77%) producing a k max of 483.44 nm but with lower offsets, À0.25 and 0.43. Interestingly, both vitamin A templates yielded k max approaching melanopsin. Rhodopsin and melanopsin are thought to be primary candidates for the frog PMR, and a secondary sensitivity has been identified in the ultra-violet range in eel (Seliger, 1962) . In the chick embryo, cryptochrome has been identified as the primary candidate, which has a preferential sensitivity to ultra-violet light and a secondary local peak at 430 nm (Tu et al., 2004) . In turtle, the slightly better matches using the vitamin A 2 templates (smaller offsets and lower PFEs) make a compelling argument that one of the pigments involved is opsin-based and derived from vitamin A 2 . Because our composite functions fit the data poorly, it seems likely that the other photopigment is novel, or a cryptochrome with an absorbance spectrum significantly different from that used in our model. Further examination of the turtle iris by both biochemical and molecular methods will be necessary to determine the exact identities of these photopigments.
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